Objectives: In this study, the effect of tube length and outer diameter (OD) size of hydroxylated MWCNTs (OH-MWCNTs) on their uptake and toxicity was investigated in the nematode Caenorhabditis elegans using a functional mutant analysis.
Caenorhabditis elegans is an emerging model in environmental toxicology, both for mechanistic studies as well as high-throughput screening. Various special features, such as its, well characterized genome, genetic manipulability, ease of maintenance, short and prolific life cycle, transparent and small body size, etc. have led to an increasing use of C. elegans in toxicology [28] .
But Mmost of all, a rich collection of available mutants has made it possible to establish mutant screening assays which are not only sensitive and useful in estimating the effects of toxicants but may also may shed light on the underlying mechanisms [28, 29] . Recently, C. elegans has also been used increasingly used as a model for investigating the toxicity of nanomaterials [30] It has been well reported documented that physicochemical properties play an important role in the uptake of nanomaterials and subsequently in their toxicity. As described above, aspect ratio is considered an important factor for in determining the toxicity of CNTs. Therefore, in this study, we investigated whether the outer diameter size and tube length of hydroxylated MWCNTs (OHMWCNTs) affected their uptake and toxicity in C. elegans using loss-of-function mutants. The Rrepresentative genes for uptake and possible toxic mechanism were selected and loss-of-function mutants of these genes were exposed to OH-MWCNTs and their responses were compared with that of wildtype. We interpreted the arbitrary response of each mutant compared to wildtype as an indicator of how these genes get are involved in the toxicity of different types of MWCNTs.
Materials and Methods

Multi-Wall Carbon Nanotubes.
Three different types of hydroxylated MWCNTs (OH-MWCNTs) were purchased from Cheaptube (www.cheaptube.com). Detailed physicochemical properties of the OH-MWCNTs are presented in Table 2 and Table 4 . Before treatment withexposure to C. elegans, each type of MWCNT was sonicated for 1 h using a sonicator (Branson-5210 sonicator) in distilled water (DW). Starting fFrom stock solutions, experimental concentrations of MWCNTs were prepared in K-medium media (0.032 M KCl and 0.051 M NaCl) for C. elegans exposure. The shape and crystal structure of the MWCNTs were determined using a LIBRA 120 transmission electron microscope (TEM) (Carl Zeiss, Oberkochen, Baden-Württemberg, Germany). The size distribution and zeta potential of MWCNTs in C. elegans K-media was measured using an Electrophoretic Light Scattering Spectrophotometer (ELS-8000, Otsuka Electronics Co., Inc., Osaka, Japan).
Growth of Caenorhabditis elegans and treatment of with MWCNTs.
C. elegans were grown in Petri dishes on nematode growth medium (NGM) and fed with OP50 strain Escherichia coli. Worms were incubated at 20 °C, with young adults (3 days old) from an agesynchronized culture and then being used in all the experiments. Wildtype and mutants were provided by the Caenorhabditis Genetics Center (www.CGC.org) at the University of Minnesota. Descriptions ofn the selected C. elegans mutants is are in Table 1 .
C. elegans mortality test
Wildtype and mutant C. elegans were exposed to pristine and OH-MWCNTs at the a concentration of 500 mg/L in K-media with E. coli OP50 as food. Twenty young adult worms were transferred to 96-well tissue culture plates containing 100 μL of the test solution in each. The worms were exposed for 
Results
Outer Diameter sizes-dependent toxicity
Physicochemical properties
We examined the physicochemical properties of tested two different type of OH-MWCNTs ( Table 2 
Mechanism of uptake and toxicity
To identify whether the OD sizes of the OH-MWCN affected their uptake and toxicity in C. elegans, we selected the loss-of-function mutants of genes involved in uptake (i.e. rme-1, -2, -8 (endocytosis), eat-2 (pharyngeal pumping defection)) and in representative toxicity (i.e. sod-3, ctl-2 The cComparative toxicity of OH-MWCNTs with different ODs size showed Small-MWCNT was more toxic than LargeBig-MWCNT in wildtype C. elegans (Table 3) ., Interestingly a smaller HDD was found in K-media exposed to Small-MWCNT than in that media exposed to their LargeBig (Table 2) . Among uptake-related mutants, rme-1 (b1045) and rme-8 (b1023) tended to show a more sensitive response than wildtype in response to Small-MWCNT exposure, while the toxicity of Big-MWCNT did not affect. The toxicity by MWCNTs was completely rescued in eat-2(ad465) mutant, which suggests that ingestion is the main route of MWCNT uptake.
Exposure to Small-MWCNT led to a decrease in survival for the toxic response related mutant, pmk-1(km25), sod-3 (gk235), cep-1(gk138), cyp35a2 (gk317), mtl-2 (gk125) and hsp-16.2 (gk249) comparing to exposure with Big-MWCNT. Especially, the sod-3 (gk235), cyp35a2 (gk317) and mtl-2 (gk125) mutants were more sensitive than wildtype to Small-MWCNT exposure. 
Tube length dependent toxicity
Physicochemical properties
Mechanism of uptake and toxicity
The Ccomparing theative toxicitiesy of Short-and Long-MWCNTs showed that MWCNTs with a shorter tube length was were more toxic than those with a longer tube length in wildtype C. elegans (Table 5 ). In terms of the uptake mechanism, the survival of the eat-2(ad465) mutant increased when compared with wildtype exposed to Short-and Long-MWCNTs. This result suggests that the possible uptake route of MWCNT is viaan ingestion. Among uptake-related mutants, rme-1 (b1045) and rme-8 (b1023) tended to show a more sensitive response than wildtype in response to Among toxic response related mutants, the pmk-1(km25) and cep-1(gk138) mutants were more sensitive than wildtype to Short-MWCNT exposure, whereas sod-3 (gk235), cyp35a2 (gk317) and mtl-2 (gk125) mutants were more sensitive than wildtype to Long-MWCNT exposure. This result showed that each mutant had a different sensitivity to different length of MWCNTs of different lengths. 
Discussions
Many studies have reported that endocytosis/phagocytosis is the cellular uptake mechanism of CNTs [31] . We investigated whether endocytosis was involved in the uptake mechanism of MWCNTs in C. elegans using endocytosis defective mutants such as rme-1,-2,-8. Receptor-mediated endocytosis (RME) is called clathrin-dependent endocytosis as the most common pathway and has been demonstrated to be the internalization mechanism of CNTs [31] . Unexpectedly, all three rme mutants showed a sensitive response to Short-MWCNT and rme-1(b1028) and rme-8(b1023) tended to show a more sensitive response than wildtype in response to Long-MWCNT (Table 5 ). Chen et al.
reported that amide-SWCNT inhibited endocytosis may result in the decreased C. elegans growth due to reduced nutrient uptake [32] . Thus, we suggest that endocytosis via the, RME pathway may not be involved in the uptake mechanism of OH-MWCNTs. In addition, we previously demonstrated the phagocytosis as the uptake mechanism of MWCNTs [33] . Finally, toxicity was completely rescued in a pharyngeal pumping mutant, eat-2(ad465), which strongly suggests that ingestion is the main route of MWCNT uptake.
We hypothesized that the OD size and tube length of MWCNTs playsed a role in the toxicity of MWCNTs. Only a few of studiesy have been evaluated the role of their diameter in the toxicity of CNTs [14, 34] . Fenoglio et al. compared the toxicity of two different MWCNTs that , which have hada similar hydrophobicity, surface reactivity and length, but different diameters (9.4 and 70 nm). They found that the thin MWCNTs showed were significantly more toxic than the thicker ones, both in vitro and in vivo. Another study also reported that thin MWCNTs showed cytotoxicity and inflammatory and carcinogenic properties [35] . In the current study, the smaller OD size of MWCNT with a smaller OOD appeared more toxic than bigger the larger one in wildtype C. elegans (Table 3) . Moreover, in the mutant test, the Small-MWCNT significantly increased the mortality of sod-3(gk235), cyp35a2(gk317) and mtl-2(gk249) mutants compared to wildtype, suggesting that the toxicity of MCWNT with smaller OD sizes MWCNT might be related to the oxidative stress, xenobiotic metabolism and metal stress.
However, further deeper more indepth study would be needed for to understanding of the mechanism.
Regarding the length of MWCNTs, several studies have shown that CNTs with longer lengths and larger diameters have greater toxicity than smaller ones [34] . Another group hasve also shown that small lengthshort CNTs do not result in damage to the cells. Despite the fact that most [36, 37] . In the present study, we found the the MWCNTs with a shorter tube length of MWCNTs were more toxic in to wildtype C. eleganss;, however, mutant analysis provided an hint on that the Short-and Long-MWCNTs might exert their toxicitiesy via distinct mechanisms (Table 5) Aspect ratio (length-to-diameter ratio) is known to affect the MWCNT's toxicity. We therefore investigated toxicity according to the aspect ratio. Many studies have been reported that high aspect ratio (long and thin) MWCNTs have shown more toxicity than low aspect ratio MWCNTs [19, 38] . Our results on comparing OD sizes comparison support this, as Small-MWCNT, which hads a high aspect ratio, were more toxic than Big their Large counterpart one ( Table 2, 3) . However, results onthe comparison of tube lengths comparison showed the opposite, way as the short -MWCNTs, which had as low aspect ratio, was were more toxic than its counterpartthe, long one, which had as high aspect ratio (Table 4, 5) . Here In Table 6 we summarized the relationship between aspect ratio and toxicity of CNTs observed here as well as, reported previously by other groups. (Table 6 ). Taken together, CNTs with a high aspect ratio is are generally more toxic than those with a low aspect ratio, ones but it this was not always observed, probably due to other factors that affect CNT toxicity.
Our mutant analysis provides an insight of into the mechanism of uptake and toxicity, as we found that each mutant had a different sensitivity to different of MWCNTs. However, we cannot yet fully explain yet the variation of in the responses of the different mutants. More evidence is needed to fully understand the mechanism of the toxicity of MWCNTs.
In conclusion, we have demonstrated that the deceasing thee of OD size and tube length of WMCNTs increased their toxicity in to C. elegans, which suggests that the diameter and length are important parameters to be considered in CNTs-induced toxicity. This and other information and others will help in designing safer CNTs. Table 3 . Survival of wildtype and uptake and toxicity related mutants of C. elegans exposed to WCNTs with different sized ODs size. The results were are expressed as the mean value compared to control (con=100, n=3; mean ± standard error of the mean). Table 4 . Physicochemical properties of OH-MWCNTs with different tube lengths. Table 5 . Survival of wildtype and uptake and toxicity related mutants of C. elegans exposed to MWCNTs with different tube lengths. The results were are expressed as the mean value compared to control (con=100, n=3; mean ± standard error of the mean). Table 6 . Effect of aspect ratio on the toxicity of MWCNTs.
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